Conclusion:
The expression of immune checkpoint receptor TIGIT is increased in primary uveal melanomas that seed metastases, and correlates with the expression of checkpoint receptor IDO. Both may be future targets for therapy.
K E Y W O R D S
digital image analysis, IDO, immune checkpoints, immunohistochemistry, TIGIT, Uveal melanoma for anti CTLA4 and 40% for anti-PD-1 have been reported. In combination, the response rate is as high as 44%, with a progression-free survival (PFS) of 11.5 months. 3 For UM however, single agent response rates are approximately 5% and in combination 0%-17%, with a progressionfree survival of less than 3 months. 4, 5 The difference between metastasized UM and CM in effect of checkpoint inhibition is likely a consequence of the difference in mutational load and immunogenicity. UM lack BRAF-mutations and has a markedly low mutation rate, as shown by the Cancer Genome Atlas (TCGA). 6, 7 Expression of the PD-1 ligand (PD-L1) as determined by immunohistochemistry is significantly lower than in CM. 8, 9 Tumor-infiltrating lymphocytes isolated from UM are also less expansive ex vivo in response to exogenous IL-2, reflecting a lower proliferative capacity than their CM counterpart. 9 Patients hoping to benefit from the great potential of immunotherapy may however direct their attention to evidence that coinhibitory checkpoints are active in UM. CD8 positive T cell infiltrates have been identified in a third of primary UM with high risk for metastasis, based on monosomy 3 (M3), but not in tumors with disomy 3 (D3). 7 In DNA methylation and RNA-sequencing analysis, tissue from the M3 tumors were found to overexpress the immune checkpoints 
T A B L E 1
Characteristics of patients and tumors included in this study
No metastasis
Metastasis P a n = 4 6
Mean age at enucleation, years (SD) 56 (16) 69 ( 
| MATERIALS AND METHODS

| Patients and samples
The study adhered to the tenets of the Declaration of Helsinki. 
| Immunohistochemistry
The paraffin blocks were cut into 4 μm sections at the laboratory of the Oncology and Pathology service, St. Erik Eye Hospital, Stockholm, Sweden and then sent to the LF Montgomery Ophthalmic Pathology Laboratory, Emory Eye Center, Atlanta, GA, USA. Sections were then pretreated in EDTA-buffer at pH 9.0 for 20 minutes and incubated with mouse monoclonal antibodies against IDO (catalog no. 05-840, Sigma-Aldrich, Saint Louis, MO, USA), CD8 (catalog no. GA62361-2, Agilent Technologies Inc Santa Clara, CA, USA) and Melan-A (catalog no. M719601-2, Agilent), and with rabbit polyclonal antibodies against TIGIT (catalog no. ab233404, Abcam, Cambridge, UK) and SOX10 (catalog no. ab108408, Abcam) according to the manufacturers' instructions. A red chromogen was used.
Sections were finally counterstained with hematoxylin and rinsed with deionized water. Tonsil tissue was used as positive control in gradually titrated concentrations of IDO, TIGIT, and CD8 until optimal staining was achieved according to manual supervision by a pathologist (GS). The deparaffinization, pretreatment, primary staining, secondary staining, and counterstaining steps were run in a Bond III automated IHC/ ISH stainer (Leica, Wetzlar, Germany).
| Density of cells expressing IDO, TIGIT, and CD8
We counted the number of stained cells in tumors' hot spots as well as across full tumor sections, expressed as the number of IDO, TIGIT, and CD8 positive cells/mm 2 . In assessments of hot spots, tissue sections were first screened at 40×, and the area with the most intense staining was selected. In this area, the number of positive cells (IDO and TIGIT cytoplasmic stain, CD8 cell membranous stain) per 3 high power fields (hpf) was counted at 400×, corresponding to a field diameter of 0.5 mm per hpf, and an aggregated area over 3 hpf of 0.6 mm 2 .
To allow for consistent detection of stained cells among the up to several millions of cells across a full tumor section, all glass slides were also digitally scanned at ×400, using a Nano Table S1 . All operations were performed blinded to patient identities and outcomes. The software was run on a standard off-the-shelf lap top computer (Apple, Inc Cupertino, CA).
| Statistical methods
We compared the mean number of IDO, TIGIT, and CD8 positive cells in hot spots and full tumor sections/mm 2 in primary tumors from patients that did and did not develop metastasis before death, as well as in metastases and in normal choroid and liver tissue. No previous papers comparing the proportions of IDO and TIGIT positive cells between metastatic and nonmetastatic tumors were available for basing power calculations on. In a post-hoc analysis with patients that did not develop metastasis before death as the reference group, assuming a 2-sided α of 0.05, we would be able to detect differences of 46% and 34% with a power of 0.80 for IDO and TIGIT, respectively. Differences with a P < 0.05 were considered significant, all pvalues being 2-sided. The deviation from normal distribution was not statistically significant for any continuous variable, 
| RESULTS
| Descriptive
Of our 10 patients, 5 were men and 5 were women. The mean age at enucleation was 64 years (SD 14) . No patient had been treated with plaque brachytherapy, external beam radiation or transpupillary thermotherapy. All primary tumors (n = 10) were of AJCC T-Category 2 and located in the choroid posterior to the equator of the eye, without ciliary body involvement, extrascleral extension, optic nerve or vortex vein invasion. Six patients had developed metastases before death. The mean time from enucleation to detection of metastasis was 5.0 years (SD 3.0) and the mean survival after detection of metastasis was 0.4 years (SD 0.2). Four of 6 metastases were positive for SOX10 (2 with strong staining intensity, 2 with weak), and 5 of 6 were positive for Melan-A (all with strong staining intensity). Morphologically, metastases were composed of spindle-shaped cells growing in nests or storiform patterns, similar to the paired primary tumors (Figure 1) . No metastasis was negative for both SOX10 and Melan-A.
The remaining 4 patients had not developed metastases before death, and had other causes of death declared on their death certificates. These patients lived for 5.7, 11.2, 26.8 and 34.0 years after enucleation, with a mean of 19.2 years (SD 13.5).
Follow-up was significantly longer for patients that did not develop metastasis before death. There were no other significant differences between the groups in age at enucleation, gender, tumor location, primary tumor thickness, diameter, primary tumor area on pathology slides or number of cells analyzed (Table 1) .
| IDO
Measured in hot spots, the mean number of IDO positive cells/mm 2 was significantly higher in both metastatic and nonmetastatic primary tumors than in normal choroid tissue (P < 0.01), in metastases than in normal liver tissue (P < 0.01) and in primary tumors than in their paired metastases (P = 0.015), but not in metastatic versus nonmetastatic primary tumors (P = 0.079) or in nonmetastatic primary tumors versus nonpaired metastases (P = 0.43).
In full sections, the mean number of IDO positive cells/mm 2 was significantly higher in both metastatic and nonmetastatic primary tumors than in normal choroid tissue (P < 0.01), in metastases than in normal liver tissue (P < 0.01), but not in metastatic versus nonmetastatic primary tumors (P = 0.45), in primary tumors versus their paired metastases (P = 0.13) or in nonmetastatic primary tumors versus nonpaired metastases (P = 0.11, Table 2 ). 
| TIGIT
Measured in hot spots, the mean number of TIGIT positive cells/mm 2 was significantly higher in both metastatic and nonmetastatic primary tumors than in normal choroid tissue (P < 0.01), in metastases than in normal liver tissue (P < 0.01) and in metastatic than in nonmetastatic primary tumors (P < 0.01), but not in primary tumors versus their paired metastases (P = 0.66) or in nonmetastatic primary tumors versus nonpaired metastases (P = 0.30).
In full sections, the mean number of TIGIT positive cells/ mm 2 was significantly higher in all of: Primary tumors versus normal choroid tissue, metastases versus normal liver tissue, metastatic versus nonmetastatic primary tumors and in primary tumors versus their paired metastases (P < 0.01, Table  2 ). The exception was the difference between nonmetastatic primary and nonpaired metastases, which was not significant (P = 0.57). 
| DISCUSSION
In this study, the number of TIGIT positive cells was significantly higher in tumors from patients that eventually developed metastasis. Conversely, the half of our patients with highest density of TIGIT positive cells in their primary tumors at enucleation had an eightfold the rate of metastasis. The number of TIGIT positive cells was higher than the number of CD8 positive cells in all types of tissue examined, and correlated with the number of IDO positive cells. This signifies that it is not only the CD8 positive T cell infiltrate that previously has been identified in a third of primary UM that express these immune checkpoints. 7 Indeed, based on our examinations of primary tumors and metastases, such expression was seen in tumor cells themselves. Expression of TIGIT was not significantly higher in metastases than in primary tumors from patients who did not develop metastasis, and in the case of IDO even lower, suggesting that the prognostic impact is greatest if checkpoints are expressed earlier in the course of the disease. In other words: Expression of immune checkpoints IDO and TIGIT in primary tumors is associated with subsequent development of metastasis. Once metastases have developed, the number of cells expressing IDO and TIGIT has no bearing on survival.
As shown by Singh et al, 17 UM micrometastases can be seeded years before the primary tumor is diagnosed, and then remain dormant up to several decades before they start growing into clinically detectable lesions. This is the reason removal of the eye offer no survival advantage over eye-preserving treatment for medium-sized tumors, as shown in the Collaborative Ocular Melanoma Study. 18 We hypothesize that early expression of immune checkpoints would promote the survival of such micrometastases, and therefore impede patient prognosis. This makes IDO and TIGIT highly interesting targets for adjuvant treatment, with a potential for better response rates than inhibition of PD-1, PD-L1, and CTLA4. This study has several limitations. First, we have examined tissues from a very small number of patients leading to a low statistical power for detection of smaller but possibly important differences and to wide confidence intervals for our significant differences. Second, tissues and data were collected retrospectively at one center only. It is possible that other prognostic factors than immune checkpoints influence the rate of metastasis of the patients included. We sought to limit the impact of this by selecting patients and tumors with similar characteristics for our reference group. We have however not controlled for BAP-1 expression, gene expression class or monosomy 3. Third, we used liver metastasis material obtained at autopsy, with a risk that the duration of cold ischemia has effected the immunoreactivity of the markers investigated.
In conclusion, immune checkpoints IDO and TIGIT have potential for being targets for adjuvant treatment in UM. Studies of larger cohorts that control for more factors, and preferably inclusion of UM patients in randomized trials of IDO and TIGIT inhibitors, are recommendable for drawing more definite conclusions.
